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ABSTRACT

We investigate the origin and evolution of a mouse processed pseudogene, Makorinl-pl, whose tran-
scripts stabilize functional Makorinl mRNAs. It is shown that Makorinl-p1 originated almost immediately
before the musculus and cervicolor species groups diverged from each other some 4 million years ago and
that the Makorinl-p1 orthologs in various Mus species are transcribed. However, Mus caroli in the cervicolor
species group expresses not only MakorinI-pl1, but also another older Makorinl-derived processed pseu-
dogene, demonstrating the rapid generation and turnover in subgenus Mus. Under this circumstance,
transcribed processed pseudogenes (TPPs) of Makorinl evolved in a strictly neutral fashion even with an
enhanced substitution rate at CpG dinucleotide sites. Next, we extend our analyses to rats and other
mammals. It is shown that although these species also possess their own MakorinI-derived TPPs, they occur
rather infrequently in simian primates. Under this circumstance, it is hypothesized that already existing
TPPs must be prevented from accumulating detrimental mutations by negative selection. This hypothesis
is substantiated by the presence of two rather old TPPs, MKRNPI and MKRN4, in humans and New World
monkeys. The evolutionary rate and pattern of MakorinI-derived processed pseudogenes depend heavily

on how frequently they are disseminated in the genome.

NTRONLESS processed pseudogenes result from
the reverse transcription of mRNA followed by
integration into the genome. This process is mediated
through reverse transcriptase activity produced by ret-
rotransposable elements such as LINE-I in mammals
(SKOWRONSKI and SINGER 1986). More than 8000 pro-
cessed pseudogenes are identified in the human genome
(ZHANG et al. 2003; ZHANG and GERSTEIN 2004) and
~b5000 in the mouse genome (ZHANG et al. 2004). The
great majority of processed pseudogenes are derived
from a limited number of genes that are highly tran-
scribed in the germ cell line. In general, because of the
lack of functional promoters, integrated processed
pseudogenes are thought to be untranscribed and com-
pletely nonfunctional since their origins. Only occa-
sionally may processed pseudogenes acquire promoter
activity and be transcribed (YANO et al. 2004; HARRISON
et al. 2005). However, CHENG ¢t al. (2005) reported un-
expectedly high occurrences of transcribed processed
pseudogenes (TPPs). In accord with this, quite a few
examples of TPPs are known and some have gained
new functions (neofunctionalization): the dihydrofo-
late reductase gene in humans (CHEN et al. 1982; VANIN
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1985), the chimerical gene jingwe:in Drosophila (LoNG
and LANGLEY 1993; BALAKIREV and AvALA 2003; LoNG
et al. 2003), the nitric oxide synthase (NOS) gene in the
snail Lymnaca stagnalis (KORNEEV et al. 1999), chromo-
domain Y (CDY) in primates (Dorus et al. 2003), and
most recently Makorinl-pl in mice (HIROTSUNE et al.
2003).

The Makorinl gene encodes an E3 ubiquitin ligase
that can specifically digest telomerase (KiM et al. 2005)
and is expressed ubiquitously in the mouse body, but
most prominently in testis (GRaY et al. 2000). The mu-
tant that lacks sufficient amounts of Makorinl mRNAs
exhibits either lethality within 2 days of birth or poly-
cystic kidneys and severe bone deformities if it survives.
Surprisingly, such deficiencies also result from down-
regulated transcripts of a Makorinl-derived processed
pseudogene, Makorinl-p1. HIROTSUNE ef al. (2003) there-
fore hypothesized that Makorinl-pl transcripts prevent
the decay of functional Makorinl mRNAs by titrating out
destabilizing factors that bind to the 5’ part of Makorinl
and Makorinl-pl.

Following HIROTSUNE et al. (2003), PopLaHA and
ZHANG (2004) defined an ~700-bp functionally impor-
tant region (B region) sandwiched by an ~100-bp up-
stream A region and an ~700-bp downstream C region.
On the basis of these homologous sequences in various
species in subgenus Mus, they came to the conclusion that
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the A + B region is more evolutionarily conserved than
the C region. Unfortunately, they used two sets of PCR
primers that were designed for amplifying the A + B and
C regions, separately. While these primer sets should not
have any serious problem in amplifying a single-copy
gene, they are problematic in the presence of multiple
Makorinl-pIike sequences in the Mus genome. In the
latter case, neither the orthologous relationships among
the sequences nor the linkage relationships between the
A + B and C region sequences become immediately
discernible.

The purpose of this article is threefold. First, we re-
examine the origin and evolution of MakorinI-pl in
subgenus Mus. Since it turns out that Mus caroli occupies
a critical phylogenetic position, special attention is paid
to the isolation of the bona fide MakorinI-pI ortholog and
its testis transcription in this species. Second, since it
appears that MakorinI-plis found only in subgenus Mus,
we search for a MakorinI-pI-like processed pseudogene
in rats and examine its cotranscription with Makorinl.
Third, we hypothesize that under the circumstance that
TPPs of Makorinl appear one after another in the ge-
nome, they can evolve in a completely neutral fashion as
Makorinl-pl, but under the opposite circumstance that
TPPs rarely occur, certain existing TPPs must be pre-
vented from accumulating detrimental mutations by
negative selection. To test this hypothesis, we analyze
Makorini-derived processed pseudogenes in other mam-
mals including primates and show some evidence for
the conservation of the B relative to the C region.

MATERIALS AND METHODS

Genomic DNA sources and PCR amplification: Mouse
genomic DNAs used in this study are of M. m. musculus (BLG2/
MsRbrc), M. m. castaneus (CAST/Ei), M. m. molossinus (MSM /
MsRbrc), M. spretus (SPRET/Ei and SPR/RpRbrc), and M.
caroli (Car/Rbrc). The RIKEN BioResource Center (BRC)
(Tsukuba, Japan) provided the BLG2/MsRbrc (BRC no.
00653), SPR/RpRbrc (BRC No. 00208), and Car/Rbrc (BRC
No. 00823) strains. The CAST/Ei and SPRET/Ei strains were
purchased from the Jackson Laboratory (Bar Harbor, ME). Rat
genomic DNAs used in this study are taken from Rattus norvegicus
of strain Wister (Oriental Yeast Co.). Primate genomic DNAs
are of four New World monkey species (Aotus trivirgatus, owl
monkey; Ateles belzebuth, spider monkey; Cebus apella, tufted
capuchin; and Saguinus oedipus, cotton-top tamarin) and of three
prosimian species (Galagoides demidoff, Demidoff’s galago;
Galago moholi, South African galago; and Otolemur crassicauda-
tus, thick-tailed bush baby). Those DNAs were kindly provided
by J. Klein (previously at Max-Planck Institute for Biology,
Tibingen, Germany, and currently at Pennsylvania State Uni-
versity, University Park, PA). Makorinl consists of eight exons
spanning ~23 kb in mice and 26 kb in humans, so we do not
determine the genomic sequences of these primates.

Genomic DNAs are used as templates for PCR amplifica-
tion of mouse Makorinl-pI homologs (1472 bp) and primate
Makorinl processed pseudogenes (996 bp). The primers are
designed in a region conserved between the processed pseu-
dogenes and functional genes in mice and humans. Unlike
PoprAaHA and ZHANG (2004), these primers can amplify the

B and C regions simultaneously. For mice, the upper primer
sequence is 5'-CCCACAGTCGCTGCCCCGTC-3" (5F1) and
the lower is 5'-CAGCACCTGGAGTTTGAGAGG-3" (3R1). For
primates, the upper and lower primers are 5'-CATGACCTC
TCTGACAGTCCG-3" (5F2) and 5'-TCTGCTTGATGTTCC
CAC-3' (3R2), respectively. To confirm the Makorini-pI ortholog
in M. caroli, we also use a different set of primers designed in
Makorinl-pl flanking regions (P3, 5-CCACAAAGGGGCAG
GCTGACGAAAC-3' and P5, 5'-GGTTTCCATTGCTGTAAAG
AGACACCACGACT-3").

Each PCR reaction mixture was 25 pl in volume and con-
tained 40-100 ng of genomic DNA, 1X Ex Taq buffer, 0.16 pum
of dNTPs, 0.05 unit of TaKaRa (Berkeley, CA) Ex Taq, and
0.2 um of each primer. The standard condition for PCR was
as follows: denaturation at 94° for 4 min; 30 cycles of 94° for
30 sec, 58—64° for 1 min, and 72° for 1 min; and an additional
extension at 72° for 4 min. The PCR products were purified
using QIAquick PCR purification kits (QIAGEN, Valencia,
CA), QIAquick gel extraction kits (QIAGEN), or ExoSAP-ITs
(United States Biochemical, Cleveland). Purified products
were either sequenced directly or cloned into pCR2.1 TOPO
with TOPO TA cloning kits (Invitrogen, San Diego). Cloned
products were purified with QIAprep Spin Miniprep (QIAGEN)
and used as templates in subsequent sequencing reactions.
Sequencing reactions were performed with BigDye Termina-
tor vl.1 cycle sequencing kits (Applied Biosystems, Foster City,
CA) and analyzed on an ABI PRISM 377 DNA sequencer
(Applied Biosystems). To minimize sequencing errors, PCR
primary products or cloned DNAs were sequenced two to six
times in both directions. These sequences are deposited in the
DNA Data Bank of Japan (DDB]J), and their accession numbers
are AB219432-AB219448, AB239533, and AB239534.

RNA extraction and RT-PCR amplification: Total RNAs
were isolated from M. m. domesticus, M. spretus, and M. caroli
testis by using NucleoSpin RNAII (Macherey-Nagel). In regard
to rats and humans, total RNAs from testis were purchased
from Stratagene (La Jolla, CA) and OriGene, respectively.
These total RNAs were proven not to contain genomic DNAs
and were used as templates for RT-PCR using TaKaRa RNA
PCR kits (AMV) V. 3.0 (TaKaRa) according to the manufac-
turer’s instruction. Three sets of upper and lower primers were
used: 5F1 and 3R1, 5F2 and 3R2, and 5-GGCGGCGGCTGG
ACGAACA-3" (5F3) and 5-TGGGCAGCATCCACTGGGTGT
AGG-3’ (5R3). This third set of primers was originally designed
for RT-PCR in HIROTSUNE et al. (2003) and used here as a
control in our RT-PCR. Furthermore, three sets of upper and
lower primers were used for the rat RT-PCR: 5F2 and 3R2, 5F3
and 3R3, and 5-AAAGCTATCACCCATTGCTGC-3' (5F4) and
5'-GAGTGCAAAGCTATCACCCAT-3’ (3R4). One set of upper
and lower primers was used for the human RT-PCR: 5'-CGA
TAGTTGAAATGAATACAAGC-3’ (5F5) and 5'-CTCCTCTCTC
CTCCTCTTTACG-3" (3Rb).

RT-PCR products were cloned in the same way as men-
tioned above. Cloned DNAs were purified with the rolling
circle amplification (RCA) method. Sequencing reactions
were performed with the dye terminator method and analyzed
on a MegaBACE1000 sequencer (Amersham Biosciences,
Arlington Heights, IL). At least eight clones were sequenced
in both directions. Since RT-PCR products of either func-
tional Makorinl or processed pseudogenes are nearly the same
in size, we searched for such restriction recognition sites that
can be distinguished in these different simultaneously ampli-
fied products. Each restriction enzyme reaction mixture was
50 pl in volume and contained 5 pg of PCR products, 1X
universal buffer provided by manufacturers, and 6 units of
each restriction enzyme. These mixtures were kept at 37° for
1 hr and the digested PCR products were separated through
1.5% agarose gel electrophoresis.
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Sequence designations: The Makorinl sequences of M. m.
domesticus (NM_018810), M. spretus (AY699805), and R.
norvegicus (NW_047690) were retrieved from the NCBI data-
base. For notational convenience, we subsequently designate
the mouse Makorinl and Makorinl-pl as Mkrnl and Mkrnl-pl,
respectively. Furthermore, for a given species, we use a four-
letter prefix to abbreviate the genus and (sub)species names.
Thus, Makorinl and Makorinl-pl in M. m. domesticus are des-
ignated as Mudo Mkrnl and Mudo Mkrnl-pl1, respectively. The
only exception is for M. m. castaneus for which we use Mucs to
distinguish it from Muca that is kept for M. caroli. Processed
pseudogenes of Mkrnl other than Mkrnl-pl are defined as
Mkrnl-p2, -p3, and so on. Specifically, a newly found processed
pseudogene in M. caroli is designated as Muca Mkrnl-p2.

For mammals except primates, we use the same locus
abbreviation as Mkrn in mice, but use Mkrnp for a pseudogene.
To primates, we apply the standard nomenclature in humans
(MKRN1, MKRNPI, etc). Supplement 1 at http:/www.genetics.
org/supplemental/ provides more information about the
nomenclature, the accession numbers, the sequence lengths,
and the p-distances (pis the number of nucleotide differences
per site).

Data analyses: Alignments were made by Clustal X
(THOMPSON et al. 1997) and manually checked (supplement
2 at http:/www.genetics.org/supplemental/). Any sites con-
taining insertions or deletions (indels) were excluded in
calculating the p-distances and constructing the neighbor-
joining (NJ) tree of Sarrou and NEr (1987). However, when-
ever necessary, the actual number of nucleotide substitutions
was estimated from the p-distances (JUKEs and CANTOR 1969;
Kimura 1980). Tree constructions and distance calculations
were conducted in MEGA version 3.0 (NEI and Kumar 2000;
KuMmAR et al. 2004). For the phylogenetic analysis, the max-
imum parsimony (MP) method by Frrcu (1971) was also used.

RESULTS

Isolation of Mkrnl-derived processed pseudogenes
in rodents: Using the primer set of 5F1 and 3R1, we
isolated several Mkrnl-pl-like sequences from three M.
musculus subspecies, two strains of M. spretus, and one
strain of M. caroli. Twenty-six informative sites in the
alignment of these Mkrnl-pl-like sequences support the
monophyletic relationships of the sequences sampled
from the M. musculus subspecies. In the M. spretus strains,
we found two sequences that differ from each other by
19 nucleotides (p = 1.4%) as well as the presence or
absence of a 323-bp insertion. However, since this level
of p-distances may be caused by polymorphism, these
are regarded as alleles and designated as Musp MkrnlI-
pl.a/b. Twenty-two informative sites support their or-
thologous relationships with a cluster of the Mkrnl-pl
sequences from the M. musculus subspecies.

In the M. caroli strain, we obtained three different
sequences that are apparently homologous to Mudo
Mkrnl-pl. However, all three are substantially different
from the Mkrnl-pl sequence that was reported by
Poprana and ZHANG (2004). One sequence (1398 bp)
shares an ATAC insertion with another processed pseu-
dogene on chromosome 3 (Mudo Mkrn1-p2) in the M. m.
domesticus database (NCBI, build 34.1). This sequence is
therefore designated as Muca MkrnI-p2. The remaining

two sequences (1416 and 1419 bp) share a 15-bp inser-
tion and a 24-bp deletion, but they differ from each
other by several indels and at 11 nucleotide sites (p =
0.8%). We note that the M. caroli strain was not inbred
and kept in the laboratory for only two generations.
Taking this into account, we assume that these two se-
quences represent different alleles. The p-distances of
these allele sequences from Mudo Mkrnl are 3.6 and
3.7%, which are much smaller than p = 9.3% of Muca
Mkrnl-p2. Importantly, there are eight informative sites
that support the orthologous relationships of these
alleles with Mudo MkrnI-p1. We therefore tried to prove
their orthology directly by examining the correspond-
ing flanking regions of Mudo MkrnI-p1. The PCR primer
set (P3 and P5) is designed to amplify the ~300-bp up-
stream and ~200-bp downstream flanking regions. If
the Mkrnl-pI ortholog is presentin M. caroli, the amplified
sequence is expected to be ~2.2 kb long and if not it be-
comes ~500 bp long. The obtained PCR product is ac-
tually ~2.2 kb long and contains a MkrnI-pIlike sequence.
This sequence is identical to one of the two alleles, Muca
Mkrnl-pl.a, and both the 5'- and 3'-flanking regions show
clear-cut evidence of orthology with Mudo MkrnI-p1.
Finally, to examine whether or not a MkrnI-pl-like
pseudogene exists in the rat genome, we surveyed the
genome database using Rano Mkrnl as a query. Al-
though neither a MkrnI-pI nor a Mkrnl-p2 ortholog was
found, there is one Mkrnl-derived processed pseudo-
gene on chromosome 9 (Rano Mkrnpl). However, since
the sequence is only partial in the database (336 bp cor-
responding to the Cregion), we determined the almost
entire nucleotide sequence (998 bp). The p-distances of
Rano Mkrnpl from Rano Mkrnl are merely 3.2%.
Sequence evolution of Mkrnl-derived processed
pseudogenes: We made a phylogenetic analysis of our
B and C region sequences of Makorinl-derived processed
pseudogenes together with those reported by PobLAHA
and ZHANG (2004) (Figure 1). In the B region, their M.
caroli sequence clusters with the M. spretus sequences,
whereas, in the C region, it clusters with Muca Mkrnl-p2.
Thus, itis unlikely that the M. caroli sequence in PopLAHA
and ZHANG (2004) is an ortholog of Makorinl-pl and
that the B and C region sequences are physically linked.
Moreover, in the B region, the M. cervicolorand M. pahar:
sequences are embedded within the cluster of the se-
quences from the Palearctic musculus species group (M.
m. musculus, domesticus, castaneus, and M. spretus). Using
all the Mkrnl-pl sequences, we further tested if func-
tional constraints against the B region exist. Figure 2
shows the scatter diagram of the p-distances between
the B and C regions in the pairwise comparisons of all
available Mkrnl-pl sequences. It is evident that the
p-distances in the B region are almost the same as those
in the Cregion in our data set, strongly arguing against
the conservation of the B region relative to the C region
(¢f- PopLAHA and ZHANG 2004). Because of these abnor-
malities, we exclude the sequences reported by PoprLanA
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FIGUure 1.—The NJ trees for the B region (A) and the C re-
gion (B) of Makorinl and its processed pseudogenes in mice.
The sequences in PODLAHA and ZHANG (2004) are boxed.
Both p-distance-based trees are rooted by Rano Mkrnl. The
B and C regions compared are 609 and 581 bp long, respec-
tively. Regarding Muca Mkrnl, the B region is taken from the
NCBI database (AH014504), whereas the C region sequence
determined here is 342 bp long and excluded in B. The num-
ber near each node represents the bootstrap value in 10,000
resamplings, but <50% bootstrap values are suppressed. The
bar at the bottom shows the number of nucleotide differences
per site. The abbreviations of the genus and species names
are: Mudo (Mus m. domesticus), Mumu (Mus m. musculus), Mucs
(Mus m. castaneus), Mumo (Mus m. molossinus), Musp (Mus spre-
tus), Muca (Mus caroli), and Rano (Rattus norvegicus).
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F1GURE 2.—The scatter diagram of the p-distances between
the B and C regions in the pairwise comparison of the MkrnI-
p1 orthologs. Solid circles show the comparisons based on our
sequences, whereas open triangles show those based on
PopranA and ZHANG (2004). The conserved pattern of the
B region in the latter comparisons is largely attributed to
the dubious sequences of M. caroli and M. cervicolor.

and ZHANG (2004) and use our own in the following
analyses.

Since the B and C regions in our sequences are si-
multaneously amplified and evolved with similar rates
(Figure 2), we use them collectively, but do not use the A
region that is specific to and is not amplified for most
Mkrnl-pI’s. Figure 3 shows that the topological relation-
ships among the MkrnlI-p1 orthologs in the NJ tree are
consistent with those obtained from other genes (Suzuki
et al. 2004). Importantly, it indicates that MkrnI-pI emerged
before the Southeast Asian cervicolor species group
(M. cervicolorand M. caroli) diverged from the Palearctic
musculus species group and that the emergence of Mkrnl-
p2 predated that of MkrnlI-pl. Moreover, it is clear that
the rat processed pseudogene (Rano Mkrnpl) is clus-
tered with Rano Mkrnl and therefore of distinct origin
from either Mkrnl-p1 or Mkrnl-p2in mice.

Dating the origin of Mkrnl-pI: To date the origin of
Mkrnl-pl, we noted the accelerated CpG substitution
rate (L1 et al 1981; GOJOBORI et al. 1982) and first
considered the CpG and non-CpG sites, separately. There
are 16 CpG dinucleotide sites in the B region and 20 in
the C region of both Mudo Mkrnl and Rano Mkrnl. When
these sequences are compared with Mudo and Musp
Mkrnl-pl, itis possible to infer along which branches in
the tree of (((Mudo Mkrnl-pl and Musp Mkrnl-pl),
Mudo Mkrnl), Rano Mkrnl), the Cto T, the G to A, or all
other kinds of substitutions occurred at CpG dinucleo-
tide sites. Note that only four CpG’s are newly created
throughout this tree and that CpG is considerably un-
derrepresented as in the human genome (SHIOIRI and
TAkAHATA 2001). In any event, when the ancestral Mkm I-p1
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Ficure 3.—The p-distance-based NJ trees for Mkrnl and its
processed pseudogenes in mice and rats. The tree is rooted by
Hosa MKRN1. The MP tree is topologically the same as the NJ
tree. The number of sites in this comparison is 931 bp. The
number close to each node represents the bootstrap value
in 10,000 resamplings. The scale bar is given at the bottom.
The abbreviations of the genus and species names are the
same as those in Figure 1.

was integrated into the mouse genome, there must
have been n = 36 CpG’s in the B and C regions. At
these sites, £ = 13 substitutions occurred during the
stem lineage of Mudo Mkrnl-pIl and Musp Mkrnl-p1 that
diverged from Mudo Mkrnl t' years ago. These sub-
stitutions reduced the number (n' = 23) of CpG’s at
the common node of Mudo and Musp Mkrnl-pl and
accordingly increased the number of non-CpG’s by
2k = 26. Since then, {years elapsed during which k' =7
and k" = 7 CpG substitutions occurred in the Mudo
and Musp Mkrnl-pl terminal branch, respectively.

We assume that the number of substitutions follows
the Poisson distribution and that once a CpG site is mu-
tated to a non-CpG site, the CpG is not restored for a
short period of time. The probability of no substitutions
during xyears is then given by exp (—2rx), where rstands
for the substitution rate at either C or G of a CpG site.
The rate of rat CpG sites is thus estimated by the same
correction formula as for amino acid substitutions
(Kimura 1983):

r=—In{l — (K +k")/(2n")}/(20). (1)

Substituting the observed values of ¥’ = k" = 7 and
n' = 23 for Equation 1, we obtain r = 0.18/¢. Similarly,
if we compare the same set of sequences after excluding
all the CpG’s, we find 21 substitutions in the stem
lineage of Mudo and Musp Mkrnl-p1 and 18 (or p =18/
1238) in both of the terminal branches. The rate at the
non-CpG’s becomes 0.0073/¢. The ratio of these esti-
mates is ~25, implying that the CpG sites have evolved
~25 times faster than the non-CpG sites. Nevertheless,
since the number of CpG’s is relatively small, the overall

substitution rate may not be greatly enhanced. To com-
pute the overall rate, one may also note that the hetero-
geneity of substitution rates among sites within individual
sequences does not cause serious problems in phyloge-
netic and demographic analyses (TAKAHATA and SATTA
2002). We thus computed the overall distance between
Mudo and Musp Mkrnl-pI by taking the weighted average
of the two 21t values at the CpG’s and non-CpG’s. The
overall distance (d = 27f) then becomes 2.60%. This
distance is substantially larger than the synonymous
distance of 0.8% between the Mudo and Musp Mkrn1. If
the divergence time (¢) between the M. musculus complex
and M. spretusis 1.5 MYA (Suzuxi et al. 2004), the rate
becomes 8.7 X 10~?/site/year.

With the above rate and a branch length of 2.65% for
the stem lineage of Mudo and Musp Mkrnl-p1, we dated
the emergence of Mkrnl-pl as 4.5 MYA. This is slightly
greater than the estimated time at which the Palearctic
musculus and Southeast Asian cervicolor species groups
began to diversify genetically. However, while this dating
is consistent with the presence of the Mkrn1-pI ortholog
in M. caroli, it seems to be too recent for M. pahari or
subgenus Coelomys to possess the ortholog (¢f. PoDLAHA
and ZHANG 2004). Thus, our dating suggests that, like
rats, Coelomys or any other mouse subgenera must have
their own Mkrni-derived processed pseudogenes.

Cotranscription of Mkrnl-derived processed pseu-
dogenes: It is necessary to examine possible functional
roles of the aforementioned processed pseudogenes in
M. m. domesticus, M. spretus, M. caroli, and R. norvegicus.
For this purpose, we carried out RT-PCR using total
RNAs from testes of the above species (Figure 4). For
each species, the designed primers can amplify both
Mkrnl and its processed pseudogene(s). Since the size
of the expected PCR products of these sequences is
almost the same, the products were digested by restric-
tion enzymes to conveniently distinguish them from
each other. The digestion pattern reveals that in each of
the three mouse species, both Mkrnl and Mkrnl-pl are
cotranscribed as in M. m. musculus (HIROTSUNE ef al.
2003). To be thorough, we determined the nucleotide
sequences of these PCR products. In M. m. domesticus
and M. spretus, the TPPs are indeed MkrnI-pI orthologs.
In M. caroli, Mkrnl-p2 is also transcribed together with
Mkrnl-pl. Although the Mkrnl-p2 ortholog is also pres-
entin M. m. domesticus, it is 636 bp long and retains only
exon 2 and exon 3 with an inserted LINE-1. Itis unlikely
that this sequence plays any functional role. Finally, we
confirmed the cotranscription of Mkrnpl in rats.

Mkrnl-derived processed pseudogenes in mammals:
Human MKRNI is orthologous to mouse Mkrnl. The
gene is well conserved at the amino acid level, suggest-
ing that the control of Makorinl mRNA stability is im-
portant not only in mice but also in other animals. We
surveyed the genome databases for humans, chimpanzees,
dogs, and cows to examine the presence of Makorinl-
derived processed pseudogenes. In humans, in addition
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FIGURE 4.—Restriction enzyme analyses of transcripts of
Mkrnl and its processed pseudogenes in Mus and Rattus.
The RT-PCR products were digested by HindIll, EcoRI, or
Bglll and separated by electrophoresis on a 1.5% agarose
gel. (Lanes a and b) In M. m. domesticus and M. spretus
(SPRET/Ei), there is a HindIIl site in Mkrnl, but not in
Mkrnl-pl. (Lane c) In M. caroli, a Hindlll site is present in
Mkrnl-pl.a, but absent in Mkrnl-pl.b, Mkrnl, and Mkrnl-p2.
(Lane d) In M. caroli, an EcoRI site is present in Mkrnl-
pl.a/band Mkrnl, but absent in Mkrnl-p2. (Lane f) In R. nor-
vegicus, Mkrnpl has a Bglll site, but Mkrnl does not. Lanes e
and g represent negative controls in M. caroli and R. norvegi-
cus, respectively. These control experiments were carried out
using total RNA to confirm no contamination of genomic
DNA in samples. The molecular weight standards are shown
on the left- and rightmost lanes (M1 and M2).

to seven known processed pseudogenes (MKRN4, MKRN5,
and MKRNPI-5), we found two more on chromosome 2
(MKRNP6) and chromosome 9 (MKRNP7). The ortho-
logs of all these human sequences can also be found
in the chimpanzee genome. In dogs, there are four
processed pseudogenes that are annotated here as Cafa
Mkrnpl—4 and, in cows, three that are annotated as Bota
Mkrnpl-3. 1t should be kept in mind that none of these
pseudogenes, with similar nomenclatures, have ortho-
logous relationships with respect to different orders of
Eutherian mammals. In humans and chimpanzees,
the p-distances from the conspecific MKRNI are 6-7%,
suggesting that New World monkeys (NWMs) and pro-
simians may have different sets of processed pseudo-
genes. To test this possibility, we carried out genomic
PCR with a primer set of 5F2 and 3R2 and obtained two
pairs of distinct sequences from four NWMs and five
from three prosimians, as mentioned earlier.

We constructed the phylogenetic tree of these mam-
malian sequences and rooted it by Maeu Mkrnl in the
wallaby (Figure 5). Two orthologous pairs of human and
chimpanzee MKRN4 (~1.5 kb) and MKRN5 (~1.5 kb)
cluster with Hosa MKRNI. In other mammals, Cafa
Mkrnpl and p2for dogs or Bota Mkrnpl and p2 for cows,
respectively, cluster with their conspecific Mkrnl. Like-
wise, the prosimian sequences form a distinct cluster
from the simian primate sequences. It is thus suggested
that these prosimian sequences were also indepen-
dently derived from their conspecific Mkrnl. The short
branch leading to G. demidoff (Gade Mkrnp3) indicates its
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F1GURE 5.—The NJ tree of Makorinl and its processed pseu-
dogenes in primates and other mammals. The tree is based on
the p-distances over 655 bp under complete deletion. The
number close to each node represents the bootstrap value
(=50%) in 10,000 resamplings. The scale bar is represented
at the bottom. The abbreviations of the genus and species
names are: Hosa (Homo sapiens), Patr (Pan troglodyles) , Saoe (Sa-
guinus oedipus), Aotr (Aotus trivirgatus), Atbe (Ateles belzebuth),
Ceap (Cebus apella), Gamo (Galago moholi), Otcr (Otolemur cras-
sicaudatus), Gade (Galagoides demidoff), Cafa (Canis familiaris),
Bota (Bos taurus), Rano (Rattus norvegicus), and Maeu (Macro-
pus eugenii).

recent origin. This raises the possibility of a functional
role, but the proof of this is beyond the present study.
On the other hand, the four NWM sequences are closely
related to either MKRNPI or MKRNP4 in humans.
Indeed, a shared 12-bp deletion supports that the
A. belzebuth and C. apella sequences (Atbe MKRNPI and
Ceap MKRNPI) are orthologous to Hosa MKRNPI, and
a shared 4-bp insertion supports that the S. oedipus
and A. trivirgatus sequences (Saoe MKRNP4 and Aotr
MKRNP4) are orthologous to Hosa MKRNP4 (supple-
ment 2 at http:/www.genetics.org/supplemental/).
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F1Gure 6.—The ratio () of the p-distances in the B region
to those in the C region in orthologous pairs of MKRNI-
derived processed pseudogenes in simian primates (ordinate)
and the p-distances in the C region of these processed pseu-
dogenes measured from Hosa MKRNI (abscissa). As in Figure
5, there are 16 such pairs, of which 6 are for MKRNPI (open
triangles); 6 are for MKRNP4 (open squares); and 1 each is
for MKRN4, MKRN5, MKRNP3, and MKRNP7. These last
four comparisons are indicated by solid diamonds, but dis-
tinguished by different numbers. The six comparisons of
MKRNPI1 or MKRNP4 are divided into two according to the
pdistances on the abscissa. These four trios are indicated by
Atbe PI and Ceap P1 or Aotr P4 and Saoe P4. The lowest y-value
among the MKRNP]Is is realized by the comparison between
the human and the chimpanzee.

These processed pseudogenes were therefore retro-
posed prior to the divergence of simian primates,
presumably during the time period in which LINE-1
was most active in the primate lineage (BATZER and
DEININGER 2002). By contrast, MKRN4 and MKRN5
appear to be of more recent origins and have been
retroposed in the stem lineage of Catarrhini.

We examined if the B region of these processed pseu-
dogenes in primates and other mammals has evolved
without any selective constraint as in the mouse MkrnI-
p1. In a slightly different way from Figure 2, we plotted
the ratio () of the p-distances in the B region to the C
region of orthologous pairs against the p-distances
in the C region from Hosa MKRNI (Figure 6). Unlike
Mkrnl-pl, it is evident that the B region is more con-
served than the C region for some processed pseudo-
genes (Y < 1) and that this trend becomes conspicuous
as the p-distances in the C region increase. Most notable
are MKRNPI and MKRN4 in the comparison between
the human and the chimpanzee. Their y-values are 0.3
and 0.5, respectively. Although neither one is statistically
different from 1 (P < 0.094 for MKRNPI and P < 0.291
for MKRN4in Fisher’s exact test, 95% C.I. based on 1000
bootstrap samplings is 0-1.1 for MKRNPI and 0-2.3
for MKRN4), both suggest the conservation of the B re-

gion relative to the Cregion after the species divergence
6 MYA. The MKRNPI1in NWMs also shows a similar trend,
although less conspicuously (y = 0.7). One reason for
this discrepancy appears to be that the divergence be-
tween subfamilies A. trivirgatus and S. oedipuswas as early
as 20 MYA (GOODMAN et al. 1998), thereby including the
early phase of the neutral evolution of MKRNP1. We also
note that if we compare orthologous processed pseu-
dogenes between distantly related species, the effect of
enhanced substitution rates at CpG disappears. This
rate slowdown, which may also be found in other pro-
cessed pseudogenes, appears to stem from reduced
CpG dinucleotides at equilibrium (¢f. NaAcHMAN and
CRrROWELL 2000; SUBRAMANIAN and Kumar 2003).

DISCUSSION

In this analysis of mouse MkrnI-pI’s, we have isolated
the bona fide orthologs in several Mus species and used
them to argue that the B and C regions have been
evolving in a strictly neutral fashion (KiMmura 1968,
1983). Despite the essential role of the B region of
Mkrnl-pl (HIROTSUNE et al. 2003), there is little or no
evidence for the sequence conservation relative to the
C region. This conclusion is different from that in
PopraHA and ZHANG (2004), which resulted from the
erroneous sequences that were amplified for M. caroli
and M. cervicolor in the Southeast Asian species group.
We have pointed out that the PCR primer design used
in PopLaHA and ZHANG (2004) does not guarantee the
amplification of orthologous sequences owing to the
presence of multiple copies of MkrnI-derived processed
pseudogenes in the Mus genome. Specifically, the three
B region sequences of M. caroli, M. cervicolor, and M.
pahari may not come from the species specified and the
Cregion sequence of M. carolimay be that of paralogous
Muca Mkrnl-p2.

However, if Mkrnl-p1 constantly decays, there will be a
stage at which the transcript no longer titrates out the
destabilizing factor of Mkrnl mRNAs. There are then
two ways of overcoming this situation. One way is the
continuous production of Mkrnl-derived processed
pseudogenes before the fatal decay of old ones. The
alternative way is that in the absence of a new cotran-
scribed processed pseudogene, further decay of MkrnI-
pI becomes detrimental to the carriers, thereby being
subjected to negative selection. This is exactly what
PobpLAHA and ZHANG (2004) assumed for the B region
sequences in the evolution of mouse MkrnI-pI’s. How-
ever, this alternative has not been applied to mice simply
because of recurrent occurrences of Mkrnl-derived
processed pseudogenes in the genome. We have shown
that Mkrnl-p2 found in M. m. domesticus and M. caroli is
older than Mkrnl-pl and suggested that Mkrnl-p2 once
played the same role as Mkrnl-p1, which emerged ~4.5
MYA. The remnant of Mkrnl-p2 can still be seen in the
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Mus genome and is even transcribed in M. caroli. The
eventual fate in the presence of a newcomer is, however,
to be free from negative selection. This is most conspic-
uously exemplified by the fragmented Mkrnl-p2 in
the M. m. domesticus genome. In addition, there are
two other Makorinl-derived pseudogenes in the M. m.
domesticus genome that are truncated and substantially
different from the conspecific Makorinl (p = 5.5 and
8.5%). Under this recurrent production of processed
pseudogenes, the nucleotide substitution rate is consid-
erably enhanced by changes at the CpG dinucleotide
sites.

PoprLana and ZHANG (2004) found a Mkrnl-pl-like
partial sequence in M. pahari, but excluded it from their
phylogenetic analysis. M. pahari belongs to subgenus
Coelomys, which diverged from the subgenus Mus >6
MYA (Suzukt et al. 2004) and occupies an interesting
phylogenetic position in the present context. Our
dating of the origin of Mkrni-pl, however, suggests that
M. pahari does not possess the Mkrnl-pl ortholog, but
instead possesses other MkrnI-derived processed pseu-
dogenes of different origins. The proof of the absence
of Mkrnl-plin M. paharirequires the same approach as
that taken for the isolation of Muca Mkrnl-pl and is
currently under way. In any event, the rapid turnover of
Mkrnl-pl and Mkrnl-p2 in mice implies that M. pahari,
rats, and any other mammal must possess their own
MkrnI-derived processed pseudogenes. Indeed, we have
found species-specific processed pseudogenes in rats,
dogs, cows, and primates. In rats, we have also demon-
strated that Rano Mkrnpl on chromosome 9 is of almost
full length and transcribed. Although evidence for the
function similar to Mkrnl-p1 is only circumstantial, our
finding of Rano Mkrnpl transcription suggests that the
same stabilizing mechanism of Mkrnl mRNAs exists
in individual mammals. In dogs, we found candidate
processed pseudogenes: Cafa MkrnpI-2with such small
pdistances as 1.2-1.5% from Cafa Mkrnl. These are
almost intact and likely function if they are transcribed.

The situation is different in primates and cows in that
even the most closely related processed pseudogenes to
the functional ones exhibit p-distances as large as 6-7%
or are as old as ~35 MY. The rather old ages of these
processed pseudogenes may be associated with the re-
duced LINE-1 activity and/or with the lowered “hidden”
promoter activity in the genome (CHENG et al. 2005;
FANTOM ConsorTIUM AND RIKEN GENOME EXPLORA-
TION RESEARCH GROUP AND GENOME SCIENCE GROUP
2005). Whatever the reason, we have hypothesized that
under lowered production rates of TPPs, organisms must
rely on the alternate strategy mentioned above. We can-
not directly prove or disprove this hypothesis by experi-
ments, but our evolutionary approach has revealed that
the B region of MKRN4 and MKRNPI in humans and
chimpanzees tends to evolve more slowly than the C
region (Figure 6). Since it is known that MKRN4¥ is
transcribed, we were curious whether or not MKRNPI is

also transcribed. The RT-PCR experiment for human
testis confirmed the transcription of MKRNPI as well
(data not shown). Thus, both MKRN4 and MKRNPI are
transcribed in humans so that they may play the same
role as MkrnI-pl in mice. However, although it is true
that no newcomer appeared during the past 35 MY or so,
it is not immediately clear why these TPPs must be si-
multaneously conserved. Alternatively, despite the ap-
parent older age of MKRNPI than MKRN4, one may ask
which one is more functionally important. To address
these questions, itis interesting to compare orthologous
pairs of MKRNPI and MKRN4 in more closely related
species of Old World monkeys (OWMs) or NWMs than
at the subfamily level. If we can observe lowered y-values
as in the comparison between humans and chimpan-
zees, we may generalize the conservation and assess the
relative importance of MKRN4 and MKRNPI. Compar-
isons of DNA polymorphism between the two regions
may help to reveal differential selective constraints.
Also, measuring relative amounts of these transcripts
may give us some clue, by noting that the Makorinl
transcription is more uniform over tissues in humans
than over those in mice (HIROTSUNE et al. 2003; KiM et al.
2005). In these contexts, we agree with PopLAHA and
ZHANG (2004): The B region of MakorinI-derived TPPs
tends to be subjected to negative selection without new-
comers in the genome. However, a question remains as
to the biological significance about such a devious and
fortuitous mechanism for regulating mRNA stability of
such a developmentally important gene as mammalian
Makorinl. It also remains to be answered whether this
coevolving system is found in other phyla.
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